Plants are frequently subjected to ROA,' yet the mechanisms that permit some species to tolerate oxygen deprivation are poorly understood (7, 8) . Most studies have focused on plant roots (7, 12) , since these organs experience oxygen deprivation more frequently, as a result of waterlogged soil, for example. Seed germination and early growth of seed plants inhabiting particular ecological niches, such as rice fields and natural wetlands, are also affected by ROA. The same may be true of seedlings of crop plants, due to temporary soil waterlogging. It has been reported (15) that shoots resist ROA better than roots. In the case of rice and Echinochloa (3), shoot but not root growth occurred in the absence of oxygen. Therefore, biochemical mechanisms relevant to ROA resistance are likely to be better expressed in shoot rather than in root tissues (3, 8, 9) .
Plants are frequently subjected to ROA,' yet the mechanisms that permit some species to tolerate oxygen deprivation are poorly understood (7, 8) . Most studies have focused on plant roots (7, 12) , since these organs experience oxygen deprivation more frequently, as a result of waterlogged soil, for example. Seed germination and early growth of seed plants inhabiting particular ecological niches, such as rice fields and natural wetlands, are also affected by ROA. The same may be true of seedlings of crop plants, due to temporary soil waterlogging. It has been reported (15) that shoots resist ROA better than roots. In the case of rice and Echinochloa (3), shoot but not root growth occurred in the absence of oxygen. Therefore, biochemical mechanisms relevant to ROA resistance are likely to be better expressed in shoot rather than in root tissues (3, 8, 9) .
In the absence of oxygen the main pathway for energy production in plants is alcoholic fermentation. Lactic fermentation, however, was maintained in plants for purposes not completely understood. In maize root tips, transient lactate production was the induction signal for alcoholic fermentation (12) . This model, however, seems inadequate to explain the prolonged lactate production in barley roots (7) and the limited cytoplasmic acidosis in maize root tips (1 1 Ranunculus sceleratus and Senecius aquaticus (13 and references therein).
In animals with marked resistance to anoxia, lactic fermentation is frequently replaced by pathways leading to succinate (6) . Advantages of this substitution are an increased amount of ATP generated per mole of substrate consumed and a reduced proton production per mole of ATP cycled (6) .
Succinate accumulation in higher plants under oxygen deficiency has been reported in only three cases: Fagopyrum aesculentum seedlings (4) , Rhododendron ponticum leaves (2), and rice seedlings (9) . In the last work, succinate accumulated in shoots, but not in roots. The succinate-lactate ratio was Seeds were sterilized using previously described procedures (9) Anaerobic treatments were carried out in an anaerobic chamber (ANEE system, Pool Bioanalysis). Chamber atmosphere was replaced four times with N2 and three times with N2 gas containing 7% v/v of H2. Seventy percent of the chamber volume was replaced each time. Lids of Petri dishes were raised by means of 0.5 mm thick Teflon strips. Oxygen depletion inside the chamber (Clark electrode), was complete within 90 min and the anaerobic indicator (Pool Bioanalysis) discolored in 120 to 150 min. Oxygen consumption by seedlings probably accelerated anoxia inside the dishes, hence seedlings were initially hypoxic. All species received an identical treatment. Collection of shoots, preparation ofperchloric acid extracts, enzymic determination of metabolites were as reported previously (9) . GABA was determined with GABAase (Boehringer Mannheim) following the supplier's protocol. Proton nuclear magnetic resonance ('H-NMR) spectra ofextracts were recorded at 300.13 MHz on a Bruker CXP300 instrument. Instrument conditions and identification of signals have been reported (9) . Damage caused by anaerobiosis was evaluated on batches of 30 seedlings, after regrowth in air for 48 h. Damage to coleoptile and leaves appeared as necrotic zones; absence of elongation and of lateral root protrusion indicated root death. For pH determinations cell sap was prepared by squeezing the tissues (0.2-0.4 g fresh weight) immediately after thawing, with 3 mL syringes fitted with two layers of stainless steel net. Cell sap and cell debris for determination of buffer capacities were obtained as in Hager (5) from 1.0 to 1.5 g fresh weight tissue.
RESULTS
Accumulation of lactate, succinate, GABA, and alanine, the four most important anaerobic metabolic end products ( Fig. 1) , was studied over extended periods of anoxia in shoots of rice and wheat seedlings as representative of plants with high and low resistance to ROA, respectively. For rice, treatments were performed at 30°C. The temperature was lowered to 25°C for wheat in order to extend its resistance to ROA (1, 12) . No damage was observed in rice seedlings up to 72 h under nitrogen except for the 3 to 5 mm apical segment of the seminal root, which died. Wheat treatments were limited to 10 h of anoxia because: damage to apices of coleoptile enclosed leaves started after 8 h and 95% of roots had died by that time; 50% of coleoptiles had died at 18 h. Succinate but not lactate was accumulated by rice (Fig. 2) . ROA sensitive wheat accumulated more lactate and GABA and displayed initially faster accumulation of alanine than the resistant rice. After 8 h of anoxia equal amounts of alanine were accumulated in the two species (Fig. 2) . Malate levels decreased during 8 h of anoxia from 2.5 ± 0.4 to 2.0 ± 0.3 (n = 3) gmol-g fresh weight-' in rice and from 1.1 ± 0.3 to 0.6 + 0.3 (n = 3) ,umol g fresh weight-' in wheat.
Early and severe acidosis was expected in wheat shoot tissues due to the strong lactate accumulation. With progress of anoxia and succinate accumulation, acidosis was also expected in rice shoots (Fig. 2) . As a comprehensive measure of pH changes in shoot tissues, cell sap pH was determined. In rice cell sap alkalinization occurred. In wheat cell sap acidification occurred but was blocked after 2 h of anoxia (Fig. 3) in spite of lactate accumulation lasting 10 h. Buffer capacity of cell sap and cell debris of aerobic tissues in the pH interval 6.0 to 7.4 was: 8.3 ± 0.3 and 3.7 ± 0.2 (n = 3) gmol H+.pH unitr'.g fresh weight-' in wheat, 9.6 ± 0.5 and 4.3 ± 0.3 (n = ,umol H' -pH unit-' g fresh weight-' in rice, respectively.
Minor increases in the above figures were caused by 5 h of anoxia. Net proton extrusion into the growth medium is to be excluded. The pH of the growth medium increased in rice and was stable in wheat cultures during the treatments (data not shown). In both systems changes in cell sap pH were perfectly reversible on return to air (Fig. 3) . Thus, the observed changes in cell sap pH were phenomena of the anaerobic stress and irreversible damage did not occur.
Anaerobic production of succinate, lactate, and GABA and concomitant changes in cell sap pH were studied in several plant species with different resistance to ROA (Table I) Table I show that a high succinate to lactate ratio and cell sap alkalinization are indicative of ROA resistant plants. DISCUSSION Succinate was produced at comparable rates in the shoots of all species investigated, at least during the first 8 h of anoxia, (Fig. 2 ; Table I ). The difference between ROA resistant and nonresistant species was the ability of the former to produce less lactate than succinate. Nonresistant species produced more lactate than succinate. Moderately resistant species, like maize, produced approximately equal amounts of lactate and succinate. Moreover, total acid production, after 8 h of anoxia, was higher in nonresistant than in resistant species (Table I) . Cell sap alkalinization and acidification was induced by anoxia in resistant and nonresistant species, respectively ( Fig. 3; Table I ). Moderately resistant plants, like maize, show little variation of cell sap pH. Accordingly, the succinate to lactate ratio and changes in cell sap pH are convenient indexes of plant resistance to anoxia. 'H-NMR spectra of tissue extracts provide a great deal of information on the above indexes and on the metabolic response to anoxia in general (Fig. 1) .
Changes in cell sap pH deserve further attention. There are no reports of anoxia-caused tissue alkalinization in plants or animals. The only pertinent report concerns the increase of intracellular pH in several tumors (10) . Tumor tissues frequently are poorly oxygenated. Studies on root meristematic tissues treated anaerobically (12 and references therein), have indicated as the basic event determining plant resistance to anoxia, the stopping of the initial lactate production which, by means of a limited cytoplasmic acidification, started alcoholic fermentation. Uncontrolled cytoplasmic acidification, caused by failure to stop lactate production and eventually by proton leakage from the vacuole, was the cause of cell death. A new element has been added to the above picture. In maize root tips metabolic proton consumption has been shown to be involved in limiting cytoplasmic acidosis (11) . It was suggested that decarboxylation of glutamate to GABA served this purpose. Limited acidification of cell sap in wheat and alkalinization in rice ( Figs. 2 and 3 ; Table I ), in the absence of net H+ extrusion into the growth medium, confirms that metabolic H+ consumption is a means for counteracting or preventing acidosis in plant tissues during anoxia. Accumulation of GABA in all species studied (Table I) suggests that the decarboxylation of glutamate to GABA is an important and general means of consumption of the H+ generated during anoxia. The great abundance of glutamic residues in the reserve proteins of both rice and wheat and reports of GABA formation from glutamate in plants in the absence of oxygen (14) further support this view.
GABA production alone is not adequate to explain cell sap alkalinization in rice. Considering the buffer capacity of cell sap plus cell debris, 2.78 zmol of H+ must be consumed in order to increase the pH of 1 g fresh weight of rice homogenate from pH 6.0 to 6.2, (Fig. 3) . Assuming generation of succinate from glucose, via phosphoenolpyruvate, malate, oxoloacetate, and fumarate, 1 mol of H+ will be generated per mole of succinate according to Hochachka (6) . Total H+ production during 8 h of anoxia will be equal to the moles of lactate and succinate produced, minus the moles of malate which have disappeared (no H+ change in the malate to succinate reaction). alanine accumulation on cell pH in the absence of information on the actual pathway(s) of alanine formation, in particular concerning the source of the nitrogen atom (7) . It may be observed that approximately after 8 h of anoxia, rice and wheat accumulated equal amounts of alanine (Fig. 2) . As the buffer capacity is similar in the two species, assuming that the origin of alanine is also similar, the causes of wheat acidification and rice alkalinization cannot be related to alanine accumulation. There is evidence that decarboxylation of arginine to putrescine may contribute substantially to tissue alkalinization in rice (R Reggiani, personal communication).
Two events appear to confer high resistance to anoxia in plant shoots. First, metabolic H+ consumption, also observed in roots (1 1), rather than the stopping of acid production (12), appears to be the important means of controlling cellular acidification. Second, the replacement of lactate by succinate production, not observed in roots. In animals with high resistance to anoxia succinate production is an important source of ATP (6) . This is not the case in rice shoots (9) and perhaps in plants in general. Plants, unlike animals, may rely for this purpose on alcoholic fermentation. It has been suggested that succinate production may be useful in determining plant resistance to anoxia because it may represent a local, though limited, source of ATP inside the mitochondria, and as a means of regulating the cellular redox level (9) . Moreover, succinate production contributed to the elongation of rice coleoptile in the absence of oxygen (9) . We are investigating the evolution of pH in cell compartments during anoxia in rice and wheat shoots.
